Endometrial cancer is the most common gynecological cancer. Estrogen-dependent endometrioid carcinoma is the most common type of endometrial cancer, and alterations in the expression of PTEN and K-ras have been associated with this disease. To study the roles of Pten and K-ras in endometrial cancer, we generated Pten ablation and oncogenic K-ras mutation in progesterone receptor positive cells (PR cre/+ Pten f / f K-ras G12D ). Double mutant mice dramatically accelerated the development of endometrial cancer compared to a single mutation of either gene. Histological analysis showed that all of the 1-month old double mutant female mice developed endometrial cancer with myometrial invasion. The expression of PR was downregulated in double mutant mice compared to a single mutation of either gene which resulted in decreased suppression of estrogen signaling. Therefore, these results suggest a synergistic effect of dysregulation of the Pten and K-ras signaling pathways during endometrial tumorigenesis.
Introduction
Endometrial cancer is the most common type of gynecological cancer in the United States with approximately 40 100 cases diagnosed and about 7470 deaths from the disease each year [1] . Therefore, there is great interest in identifying novel ways to treat and prevent this disease. Estrogen-dependent endometrioid carcinoma is the most common type of endometrial cancer. An increased incidence of endometrial cancer has been found in association with prolonged, unopposed estrogen (E2) exposure [2, 3] and alterations in the expression of the tumor suppressor gene, PTEN, as well as the oncogenes, β-catenin and Ras [4, 5] . Currently, progesterone (P4) therapy is used as a means to prevent the development of endometrial cancer associated with unopposed E2 as a means to block E2 actions [6] .
The uterus consists of heterogeneous cell types that undergo dynamic changes in response to the ovarian steroid hormones E2 and P4 to support embryo development and implantation. E2 stimulates the proliferation of epithelial cells in the mouse uterus [7, 8] . In contrast, P4 is inhibitory to this E2-mediated proliferation of the luminal and glandular epithelial cells. However, P4, alone or in conjunction with E2, leads to uterine stromal cell proliferation [8] [9] [10] . The ability of the ovarian steroid hormones to regulate uterine cell proliferation depends upon the ability of hormonal stimulation to regulate growth factor communication networks between the uterine stroma and epithelium. For instance, P4 attenuates E2-stimulated uterine epithelial cell proliferation by regulating uterine stromal cell gene expression [11] . An imbalance caused by increased E2 action and/or decreased P4 action can result in abnormal endometrial proliferation and endometrial adenocarcinoma. Therefore, elucidating the molecular mechanisms by which the steroid hormones control uterine physiology is important to understanding the pathology of these diseases.
Two common mutations that occur in endometrial cancer are in the tumor suppressor Pten and the oncogene K-ras 2 Journal of Oncology [4, 5] . K-ras encodes a guanine nucleotide binding protein of 21 kDa that has a central role in the regulation of cell growth and differentiation by transducing signals from activated transmembrane receptors. It has been shown to be mutated in 10%-30% of endometrial cancers [4] . These mutations have been found in all grades of endometrioid carcinoma and have been reported in complex atypical hyperplasia, suggesting a relatively early role for K-ras mutations in endometrial tumorigenesis [12] . PTEN (phosphatase and tensin homologue deleted from chromosome 10) is one of the most frequently mutated tumor suppressor genes in human cancers [13, 14] . PTEN is completely lost or mutated in >50% of primary endometrioid endometrial cancer [15] and in at least 20% of endometrial hyperplasias, the precancerous lesions of the endometrium [15, 16] . Thus, loss of PTEN is a very early event in the multistep process leading to endometrioid endometrial cancer [16, 17] . Phosphoinositide 3-kinases (PI3K) regulates a number of cellular functions through the activation of Akt [18] . PTEN acts as a negative regulator of PI3K signaling [19] . Previously, loss of Pten (either as a heterozygote or by uterine specific ablation) has been shown to induce endometrial cancer in mice highlighting its important role in cancer development [20, 21] . This mutation and subsequent Akt activation resulted in the activation of ERα-dependent pathways that play an important role in the tumorigenesis of endometrial cancer [21] . Interestingly, the PTEN/PI3K/AKT signaling pathway can also be activated by E2 suggesting a complex interaction between these two signaling pathways [22] .
In this study, we utilized conditional Pten ablation and oncogenic K-ras mutation in the uteri of mice to demonstrate a synergistic effect of dysregulation of the Pten and Kras signaling pathways during endometrial tumorigenesis. Pten ablation and oncogenic K-ras mutation dramatically accelerated the development of endometrial cancer compared to single mutation of either gene. Thus, these results demonstrate the importance of Pten and K-ras regulation in the tumorigenesis of endometrial cancer.
Materials and Methods

Animals.
Mice were maintained in the designated animal care facility at Baylor College of Medicine according to the institutional guidelines for the care and use of laboratory animals. PR Cre/+ mice were previously generated [23] . The Pten f / f were acquired from Dr. Hong Wu (University of California, Los Angeles, Los Angeles, CA) [24] . The loxstop-Lox Kras G12D mice were acquired from Dr. Tyler Jacks (MIT, Cambridge, MA) [25] . Mice of various genotypes were sacrificed at 2 and 4 weeks of age. At the time of dissection, uterine tissues were placed in the appropriate fixative or flash frozen and stored at −80
• C. For the genotyping of the oncogenic K-ras mutation, total RNA was isolated from uterus according to, Qiagen minieasy kit protocol. cDNA was generated from RNA samples by reverse transcription, followed by PCR amplification using primers K-ras1S, 5 -GCCATTTCGGACCCGGAGCGA and K-ras1A, 5 -CCTACCAGGACCATAGGCACATC. RNA expression of wild-type K-ras and mutant K-ras G12D was determined by digestion of 5 μL of the reverse transcription-PCR products with HindIII for 1 hour at 37
• C. The restriction products were resolved in a 2% agarose gel. The mutant K-ras G12D allele contains a HindIII restriction site engineered in exon 1, which is absent in the wild-type allele. Therefore, digestion of the 488-bp products generates 300-bp and 148-bp restriction fragments in the mutant but not in the wild-type PCR product. 
Western Blot
Immunohistochemistry and TUNEL Assay.
Uterine sections from paraffin-embedded tissue were cut at 5 μm and mounted on silane-coated slides, deparafinized, and rehydrated in a graded alcohol series. Sections were preincubated with 10% normal serum in PBS (pH 7.5) and then incubated with anti-PR antibody (DAKO Corp., Capinteria, CA) or anti-ERα (DAKO Corp., Capinteria, CA) in 10% normal serum in PBS (pH 7.5). On the following day, sections were washed in PBS and incubated with a secondary antibody (5 μL/mL; Vector Laboratories, Burlingame, CA) for 1 hour at room temperature. Immunoreacitivity was detected using the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA). The TUNEL assay was performed according to manufacturer's instructions using the Roche In Situ Cell Death Detection Kit, Fluorescein (Roche, Boulder, CO).
RNA Isolation and Quantitative Real-Time RT-PCR.
Total RNA was extracted from uterine tissues using the Qiagen RNeasy total RNA isolation kit (Valencia, CA). Quantitative real-time RT-PCR analysis was conducted on isolated RNA. Expression levels of Ltf, Clca3, and C3 were measured by real-time RT-PCR TaqMan analysis (Applied Biosystems, Foster City, CA). cDNA was made from 1 μg of total RNA using random hexamers and M-MLV Reverse Transcriptase (Invitrogen Corp., Carlsbad, CA). RT-PCR was performed using RT-PCR Universal Master Mix reagent (Applied Biosystems, Foster City, CA). All real-time RT-PCR results were normalized against 18S RNA using ABI rRNA control reagents. Statistical analyses were performed using one-way ANOVA followed by Tukey's post hoc multiple range test with the Instat package from GraphPad (San Diego, CA, USA).
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Results
Generation of Pten Ablation and Oncogenic K-Ras Mutation in the Murine Uterus. Homozygous Pten
−/− mouse embryos die around E8.5 and heterozygous Pten +/− mice develop numerous pathologies and have decreased longevity [21, 26] making our ability to investigate the role of Pten in the mouse uterus severely limited. Likewise, constitutive activation of a K-ras mutation results in embryonic lethality [27] . In order to achieve ablation of Pten and activation of K-ras in the uterus, mice with floxed Pten (Pten f / f ) [24] and mice with loxP-Stop-loxP-Kras G12D/+ (LSL-K-ras G12D/+ ) [25] were bred to the PR Cre mouse [23] . Using this mouse with Cre recombinase inserted into the progesterone receptor (PR) locus, floxed genes are edited in PR expressing cells including all compartments of the mouse uterus. This model was previously used to ablate Pten in the uterus resulting in endometrial adenocarcinoma [20] . Therefore, in order to effectively investigate the effects of the Pten and K-ras signaling pathways in endometrial cancer, mice with uterine Pten ablation (PR cre/+ Pten f / f ; Pten d/d ) and oncogenic K-ras mutation (K-ras G12D ) were generated and mated to generate double mutant mice ( [23] [24] [25] . Ablation of Pten in the Pten d/d mice was assayed by Western blot and immunohistochemical analysis (Figures 1(a) and 1(b) ). PTEN protein was expressed in the endometrium of Pten f / f mice. However, the level of PTEN protein was significantly decreased in the uteri of Pten d/d mice demonstrating efficient ablation of Pten. To confirm the oncogenic K-ras mutation in the uterus, the PCR products encompassing the K-ras mutation were digested with HindIII (see Section 2). The mutant K-ras G12D allele contains a HindIII restriction site engineered in exon 1, which is absent in the wild-type allele. Therefore, digestion of the 488-bp products generates 300-bp and 148-bp restriction fragments in the mutant but not in the wild-type PCR product. Analysis of the HindIII digestion revealed the presence of the 300-bp and 148-bp fragments in the K-ras G12D but not in the wild type uteri (Figure 1(c) ). These results suggest that PRcre efficiently generated uterine Pten ablation and oncogenic K-ras mutation.
Development of Vaginal Papillomas in Mice with the Oncogenic K-ras Mutation in PR-Expressing Cells.
Introduction of the oncogenic K-ras mutation in all PR-positive cells resulted in the development of vaginal papillomas. Lesions were present at the vaginal opening of K-ras G12D mice as early as 2 months of age but were never observed in control mice (Figure 2(a) ). Examination of the histology of these lesions revealed an abnormal vaginal architecture in the Kras G12D mice compared to controls (Figure 2(b) ). The vaginal epithelium exhibited increased keratinization accompanied by disorganization of the vaginal lumen. In addition, there was a decrease in the vaginal stroma. Interestingly, these lesions remained benign, never developing into a cancerous lesion. K-ras G12D mice did not show any pathological phenotype in the uterus. Proliferation was not affected in the K-ras mutant mice; however, there was increased apoptosis in the K-ras G12D uteri compared to controls (Figure 2(c) ). These experiments demonstrate that Pten is conditionally ablated in the uteri of these mice. Scale bar: 50 μm. (c) PR-cre mediated recombination of K-ras G12D in uterus. The mutant K-ras G12D allele contains a HindIII restriction site engineered in exon 1, which is absent in the wild-type allele. Therefore, digestion of the 488-bp products generates 300-bp and 148-bp restriction fragments in the mutant but not in the wild-type PCR product. (Figures 3(a) and 3(b) (Figures 3(a) and 3(b) ). The uterine weight of Kras G12D mice did not change compared to control mice at either timepoint.
Development of Endometrial Cancer in Mice with
Histological analysis of the uteri showed an increase in the number of endometrial glands and in the gland/stroma ratio in the uteri of 2-week-old [20] , they did not develop invasive endometrial cancer within 4 weeks of age. Thus, histological analysis showed that Pten ablation in conjunction with the oncogenic Kras mutation dramatically accelerated the development of endometrial cancer compared to single ablation of either gene (Figure 4) . These results suggest that Pten ablation in addition to the oncogenic K-ras mutation dramatically accelerated the development of endometrial cancer compared to single mutation of either gene.
Down-regulation of P4 Signaling in Mice with Pten Ablation and the Oncogenic K-ras Mutation. Ablation of
Pten resulted in increased activation of AKT as expected ( Figure 5(a) ). To determine if the hyperplastic phenotype observed was due to altered ovarian steroid hormone signaling, we examined the expression of ERα and PR in were significantly increased in the Pten d/d K-ras G12D mice as compared to Pten d/d mice. Since P4 attenuates E2 regulation of proliferation and gene expression by regulating the expression of a yet to be identified paracrine signal from the stromal cells to the epithelial cells, the regulation of the expression of ERα and PR in the endometrial stroma and epithelium by Pten ablation and the oncogenic K-ras mutation is critical for the expression of ER target genes and the tumorigenesis of endometrial cancer.
Discussion
Endometrial cancer is the most common gynecological cancer and has been shown to be associated with mutations in the tumor suppressor Pten and the oncogene K-ras among others [4] . Previous mouse model studies in the skin, ovary, and lung suggest that these mutations exert cooperative or antagonistic effects on tumorigenesis depending upon their interactions with tissue-specific factors [28] [29] [30] . Dinulescu et al. generated Pten loss and oncogenic K-ras mutations in ovarian surface epithelium using adenoviral vector delivery of Cre recombinase [28] . These mice developed endometriosis and endometrioid ovarian adenocarcinoma. K-ras mutations occur in a very small percentage of human cases of ovarian cancer but the mutation is important for the development of ovarian cancer [31] . However, whether Pten loss and oncogenic K-ras mutations interact to promote or inhibit the development of endometrial cancer has not yet been defined. In order to study the role of Pten and K-ras in the development of endometrial cancer, we generated mice in which Pten was ablated and K-ras was activated in the reproductive tract using the PR Cre mouse model [23] [24] [25] .
PTEN is completely lost or mutated in >50% of primary endometrioid endometrial cancer [15] and in at least 20% of endometrial hyperplasias, the precancerous lesions of the endometrium [15, 16] . Thus, loss of PTEN is a very early event in the multistep process leading to endometrioid endometrial cancer. Pten +/− and mice with Pten conditionally ablated in the uterus (Pten d/d ) develop endometrioid endometrial adenocarcinoma [20, 32] . This mutation and subsequent Akt activation results in the activation of ERα-dependent pathways that play an important role in the tumorigenesis of endometrial cancer [21] . Introduction of the oncogenic K-ras mutation into the Pten d/d mice accelerated the tumorigenesis of endometrial cancer as compared to Pten ablation. The neoplastic endometrial glands in the double mutant mice invaded through the uterine muscle wall and invaded adjacent structures such as the colon, pancreas, and skeletal muscle.
The K-ras mutation alone was not sufficient enough to exert a pathological phenotype in the uterus even though mutations in K-ras have been consistently identified in 10%-30% of endometrial cancers [4] . Interestingly, Kras G12D mice exhibited abnormal vaginal architecture due to increased keratinization in the vaginal epithelium resulting in vaginal papilloma. The development of vaginal papillomas confounds its impact on the tumorigenesis of endometrial cancer. Thus, we have only examined these mice up to 3 months of age without evidence of any hyperplasia or pathological phenotype in the uterus. To determine why endometrial cancer failed to develop in the K-ras G12D uteri, we examined proliferation and apoptosis in these mice. Proliferation was normal; however, apoptosis was significantly increased in the epithelial cells of K-ras G12D uteri compared to control mice as shown by the TUNEL assay (Figure 2(c) ) and immunohistochemistry of cleaved caspase 3 (data not shown). These results suggest that activation in K-ras is not sufficient for the development of hyperplasia or endometrial cancer due to increased apoptosis of the endometrial epithelial cells.
Mutations in the β-catenin gene have been found in approximately 15%-20% of endometrioid carcinomas, with nuclear accumulation of the protein found in 38% of cases [33] . Subsets of endometrial carcinomas, especially those with nuclear translocation of β-catenin [34] , are associated with squamous morule differentiation. Some of the tumors in Pten d/d mice exhibited squamous differentiation, which can also be observed in human endometrial cancers while we did not observed squamous differentiation in the tumors from Pten d/d K-ras G12D mice (data not shown). (Figure 5(a) [4] .
E2 induces cell proliferation in the luminal and glandular epithelium. In the uterine luminal epithelium, E2 inhibits GSK3β action by the stimulation of a protein kinase B-(AKT)-mediated inhibitory phosphorylation of Ser9. AKT is in turn regulated through activation of phosphoinositide 3-kinase [37] . P4 inhibits this pathway by blocking AKT phosphorylation and, thus, the inactivation of GSK3β with the resultant loss of nuclear cyclin D1 [37] . PR status is considered an independent prognostic factor for endometrial cancer patients [38, 39] . PR exists as two isoforms, PR-A and PR-B, and reduced expression of either one or both of the PR isoforms has been observed in a great majority of endometrial cancers, compared with hyperplastic or normal endometrium [40] . Loss of PR in human endometrioid endometrial carcinoma results in more aggressive biological characteristics which play important roles in the prognosis and recurrence of the disease [40] [41] [42] . We observed reduced expression of both PR isoforms in Our results demonstrate that the synergistic effect of conditional Pten loss and oncogenic K-ras mutation on endometrial cancer development occurs via decreased expression of PR. This study has established an endometrial cancer mouse model which replicates common characteristics of the human disease. Using this mouse model, further studies can be undertaken to investigate the genetic and molecular events involved in the transition from normal to hyperplastic/neoplastic endometrium. In summary, these results greatly contribute to the understanding of the molecular mechanism of tumorigenesis and to the development of therapeutic approaches for endometrial cancer.
